This chapter reviews main results obtained on mirror-like samples made of several grades of bulk metallic glasses (BMG). Experiments were carried out under simulated conditions typical for the operation of plasma facing in-vessel mirrors of optical plasma diagnostics in fusion reactor ITER. Bombardment with D 0 and T 0 atoms radiated from burning plasma was predicted to be the main reason for the degradation of optical properties of such mirrors. Therefore, to simulate the behavior of mirrors in ITER, mirror-like samples were subjected to bombardment by ions of deuterium plasma with fixed or wide energy distribution. The effects of ion bombardment on optical properties, development of roughness, uptake of deuterium, appearance of blisters, and manifestation of some chemical processes are presented and discussed.
Introduction
In the experimental fusion reactor ITER, many different methods of plasma diagnostics are envisaged to be used [1] . A big portion of methods are intended for optical measurements, and these have to be based on reflective optics, because of the high level of deeply penetrating radiations, gammas, and neutrons, which may degenerate the refractive optics components. The mirrors facing the burning plasma (first mirrors, FM) will be additionally subjected to fluxes of charge-exchange atoms (CXA, mainly D 0 and T 0 atoms) with a wide energy distribution, up to several hundred eV [2] . To overcome negative effects of CXA sputtering on mirror characteristics (due development of surface roughness), it was decided to fabricate first mirrors for ITER from single crystal (SC) metal, and molybdenum is the first candidate as a FM material.
At present, it is not known which effect the simultaneous irradiation of the FM surface with neutrons and CXA will have. However, there is a probability that a single crystal will lose its ideal SC structure what would result in gradual development of roughness (under CXA bombardment) and degradation of optical properties.
A real alternative to SC mirrors can be mirrors fabricated from amorphous metal alloys (bulk metallic glasses, BMGs). They do not have any arranged structure larger than a few nanometer and therefore may be more resistive under irradiation with neutrons in comparison with crystallized metals. Recent results on simulating the neutron irradiation effects by exposing BMG samples with 3 MeV Ni + ions did not lead to big degradation of hardness and Young's modulus in the dose range of 0.1-10 dpa [3, 4] . It is important to note that the structure of samples has continued to be amorphous, without indication of appearance of crystallization.
Additionally, due to the lack of crystallized structure, under long-term sputtering, a polished BMG mirror has to resemble a liquid under evaporation: its surface has to be smooth regardless of sputtering time. Such assumption was mentioned in [5] and has found support later, after appearance of technology to produce BMG casts with size (≥10 mm) sufficient for the fabrication of mirror samples to provide corresponding experiments. Zr-based BMGs reveal relatively high crystallization temperature compared with other BMGs. From a practical standpoint, the glass forming ability of Zr-based BMGs is very good enabling the manufacturing of fully glassy components with thickness values in excess of 10 mm.
This chapter is a short review of main results obtained with BMG mirror samples in experiments that partly simulate the conditions for FM operation in ITER, that is, long-term sputtering by ions of deuterium plasma (in some cases by ions of argon plasma) with energy from 60 eV up to 1350 eV. Mirror samples were fabricated from five BMG grades ( Table 1) . The program of experiments with each BMG grade was not identical, and thus, new information was obtained, and some new properties of BMGs were found for both amorphous and crystallized BMG specimens. This chapter presents results on the following: (1) effects of longterm ion sputtering on optical properties of mirror-like BMG samples, (3) effects of deuterium adsorption, (4) the role of chemical processes on BMG surface when the deuterium plasma is contaminated with oxygen, and (5) observation of blister-like features due to deuterium exposure.
In Section 2, the specimens and the experimental details regarding the plasma exposures and characterization are described. Section 3 contains the main results on changes due to plasma exposure, in particular deuterium adsorption, reflectance, and erosion rate and the differences due to the state, amorphous or crystallized by annealing. In Section 4, some concluding remarks are provided. Appendix A contains details on BMG sample preparation in NSC KIPT (Kharkov, Ukraine), and in Appendix B, the results of processing of an image of laser beam after reflection from amorphous and crystallized mirrors are shown.
Experimental and precharacterization

Descriptions of specimens
A list of all grades of samples with their composition, shape, and size is presented in Table 1 Three BMG samples of grade #1 produced by Liquidmetal Co (USA) and three billets of grade #2 have the same nominal composition.
The billets of grade #2 were casted as discs with diameter ~26 and ~8 mm in thickness (the details of their fabrication in NSC KIPT are described in Appendix A). They were cut into approximately equal halves (final size Ø22 × 3 mm): one half of every billet was left amorphous and the second half was annealed (1 hour at 773°K) to have a fine-crystalline material. Thus, for this grade, there was a possibility to compare the behavior of mirrors from the identical material but with different structures, amorphous and fine-crystalline. The X-ray data on the structure of such a pair are shown in Figure 1 .
The position of the peaks in a diffractogram indicated the existence of the following nanocrystals: Zr 2 Ni, Ti 2 Ni, Zr 2 Cu, and Zr x Cu y with x and y exceeding two. By measuring the halfwidth of the peaks, the size of crystallites was roughly estimated to 50 nm using the following formula [6] :
where λ is the X-ray wavelength, θ is the Bragg angle, and β is the full width at half maximum of the diffraction peak.
After crystallization of three halves, all three pairs of grade #2 were polished simultaneously.
The mirror specimens of grade #3 (more than 10 pieces) were cut from a 5-mm-diameter rod to discs of 3 mm thickness. Because of the small surface area, they were not used for some experiments, namely for measuring the absorptivity of deuterium.
The cast of grade #4 had a complicated shape; therefore, the mirror samples (five pieces) had different diameter from Ø16 to Ø22 mm with thickness of 2 mm each.
The cast of grade #5 was of rectangular shape; after cutting it into two samples the size of mirror specimens became 20 × 22 × 3 mm.
XRD (X-ray diffraction) analysis confirmed the glassy state of all samples (diffraction patterns not shown here).
All prepared billets were polished to a high optical quality.
Pretreatment and initial reflectance
Prior to exposure experiments, all mirror samples were initially cleaned for ≥20 min with lowenergy deuterium plasma ions, E i ~ 60 eV or sometimes with low-energy Ar plasma ions, to remove the organic film appeared due to rinsing of samples in acetone and alcohol after the polishing. The reflectance of mirror samples after this exposure was taken as their initial spectral reflectance.
The comparison of initial reflectance, R 0 (λ), for one BMG mirror specimens of each grade is presented in Figure 2 together with W and Mo reflectivity data from [7] . The measurements were done in the wavelength range 220-650 nm at normal incidence of the light by the use of a two-channel method described in [8] with a homemade attachment to a standard monochromator. Initial reflectance R 0 (λ) measured just after cleaning by low-energy ions of deuterium or argon plasma of samples of the five grades together with the data for W and Mo from literature [7] .
The R 0 (λ) values of some BMG mirror samples are close to R 0 (λ) values of tungsten for the wavelengths range ~400-700 nm and is approaching to the reflectance of Mo mirror at λ > 600 nm. Crystallization does not lead to any significant change of initial optical properties of samples in the wavelength interval of measurements (220-650 nm), as can be concluded from comparing the data for grades #2 and #2-C (crystallized).
Heterogeneities observed in the body of BMG samples
After the last polishing procedure, some local peculiarities were discovered on smooth sample surfaces of the grade #1. Such peculiarities were not observed on the other grades.
Their level was a little below the main surface, appear usually as a group, are roughly of oval shape, distributed over the main surface of mirror sample more or less uniformly, and are observable in both, optical microscope and scanning electron microscope (SEM). The total relative area of these inhomogeneities was estimated to be at the level of ~1%, so they did not have any essential influence on measurement of reflectance, that is, the performance of the mirror. The fact of their elevation below the matrix supposed that the composition of these features differs from that of the main volume of material and that their hardness again mechanical treatment is inferior to the hardness of the bulk. Figure 3 shows two SEM images of the same region obtained by different detectors of SEM, detecting (a) mainly secondary electrons and (b) backscattered electrons. In the first case, the contrast of the image is mainly determined by the surface topography, but in the second regime, the contrast occurs due to differences in the atomic number of the surface elements. In this second case, the domains with predominance of light elements appear darker than the surrounding; therefore, we may state that the recessed domains are enriched by the lighter component of the material (the average atomic number here is below that of the matrix). Under ion bombardment, as a result of the sputtering process, initially lower parts of the surface descended deeper below the main level and turned into shallow holes with a rather nonplanar bottom shown in Figure 4 . The depth of holes increased with increase in ion fluence, which indicates (i) a lower resistance of these inclusions to ion sputtering and (ii) their volumetric character. The difference in composition of the material inside the inhomogeneities and the surrounding matrix was confirmed by the following two methods: an electron microprobe analysis ( Table  2 ) and scanning electron microscope (SEM) with energy-dispersive X-ray spectroscopy (EDX), Figure 5 . The data of microprobe analysis demonstrate that the material in the holes is depleted in zirconium (Zr) and titanium (Ti), and enriched with the other elements such as copper and nickel. From this result, it is not surprising that the rate of sputtering of the inhomogeneities is higher than of the matrix. Taking into account, the sputtering yields, Y, of components of the mirror material [11] Figure 5d , indicate that inhomogeneity is below the matrix level.
As Figure 6 shows, the alloys grades #3 and #4 also contain heterogeneities, however of another kind. The majority of the heterogeneities have a dendritic appearance. On one occasion, a rather full structure of such an inhomogeneity was revealed after bombardment of one of grade #3 samples with argon ions, Figure 6a . Its shape is quite similar to the shape of crystals described by the authors of this alloy [12] (see also references ibidem). Important, the surface between these features is continuing to be smooth. No heterogeneities of this kind were found in the other two alloys: grade #2 and #5.
Plasma exposure and methods of surface analysis
To simulate the impact of charge-exchange atoms (CXA) flux on BMG mirror samples in ITER, ions of deuterium or argon plasma were used. The detail description of the experimental stand DSM-2 used for performing the ion bombardment can be found in [13, 14] . The BMG mirror samples were exposed to electron cyclotron resonance plasma (ECR, frequency of generator 2.45 GHz) produced in a double-mirror magnetic configuration. Mirror specimens were fixed on a water-cooled holder just outside of magnetic mirror. During the exposure, the temperature did not exceed 40°C. The electron density of plasma was ~10 and electron temperature ~5 eV. A fixed negative voltage (in the range 50-1350 V) was supplied to the mirror holder for the acceleration of ions to the mirror surface. In some cases, when using deuterium plasma, the ion flux was energy distributed between 50 eV and 1350 eV by the combination of fixed negative potential and a time-varying (frequency 50 Hz) half-wave positive potential for ion acceleration [13, 14] . The latter was done to be closer to real energy distribution of CXA flux, calculated for ITER [2] . The mean ion current density to the sample was of the order of 1 mA/ cm [15] . In proximity to the mirror surface, such polyatomic ions fall apart into atoms and monoatomic ions in such a way that their energy, acquired during passing the accelerating voltage, is divided equally between fragments. Thus, the surface of mirror is bombarded by particles of equal mass but different energies: E, E/2, and E/3, where E is the ion energy due to application of an accelerating voltage. With this peculiarity of plasma composition and sinusoidal time variation of accelerating voltage, the character of calculated energy distribution of projectiles bombarding the mirror surface is in a qualitative accordance with the CXA energy distributions measured at tokamaks ( [16, 17] ) and calculated for ITER conditions [2] .
All samples were exposed in several steps in DSM-2 to nonmass-separated plasma ions in order to study the evolution of investigated properties with fluence. After each exposure step, the mass change and the reflectance at normal incidence of light (range 220-650 nm) were measured. The state of sample surface was analyzed by various microscopes (in addition to mentioned SEM with EDX): optical microscope, interferometer microscope, confocal laser scanning microscopy (CLSM), atomic force microscopy (AFM); for some BMG samples, the state of surface was studied by secondary ion mass spectrometry (SIMS), electron microprobe method, and laser ablation method.
Properties after plasma exposure
Absorption of deuterium
Amorphous specimens
It was found that mirror samples of all grades absorb large amounts of deuterium after the mirror specimens were bombarded with ions of the deuterium plasma. Because of deuterium absorption, a weight gain was observed for all tested BMG grades, even if sometime clearly sputter erosion takes place. This is expected due to the high fraction of hydride forming elements (Zr, Ti, Be). In Table 3 , the weight gain after each plasma exposure step for a sample of grade #1 is shown. For low enough energies, that is, up to 100 eV, one may suppose that ion sputter erosion is negligible. Therefore, the ratio of retained deuterium to the impacting ions can be calculated up to 100 eV, and is shown in ions, the total flux of deuterium projectiles has to be somewhat larger than the ion flux measured, and, correspondingly, the portion of retained deuterium to impacting D atoms has to be noticeably lower, assumed within a factor of ~2.
The set of data for deuterium trapping by different samples is shown in Figure 8 . The ion energy was fixed at 60 eV for the samples of grades #1 and #2, and at 100 eV for both sides of sample of grade #5, while it was increased from 30 to 600 eV for the sample of grade #4. Obviously, for fixed ion energy the deuterium uptake increases linearly with ion fluence. Table 3 . Results of sequential exposures of one sample of grade #1 in deuterium plasma. , then sputtering starts to play more and more important role with increasing ion energy: at ion accelerating voltage of 400 V, sputtering and absorption are about equal, but with further rise of ion energy the weight started to decrease showing that sputtering prevails over deuterium absorption. An abrupt transition from linear dependence to saturation gives chance to estimate the thickness of sputtered layer, as it is described below (Section 3.2).
After last exposure in deuterium plasma (ion fluence~1.9×10 25 ions/m 2 ) the #4 grade sample became curved with radius of curvature ~24 cm in such a way that the side exposed to D plasma ions became convex.
The experiment with exposing front side of sample of grade #5 (data #5-1) was also stopped (at ion fluence 12.8×10 24 ions/m 2 ) after its bending was discovered, again with exposed side to be convex (curvature radius ~28 cm).
This fact indicates appearance of tension due to an increase in the specific volume of the nearsurface layer exposed with deuterium plasma ions. The fact of bending means that deuterium does not penetrate through the whole thickness of samples, and only near-surface layer, of thickness less than the total thickness of sample, is increasing in volume. It was decided to continue the experiments by exposing the back side of the #5 sample in similar conditions (data #5-2 in Figure 8 ). During sequential exposures, the sample started to straighten gradually (Figure 9 ) and became plane at ion fluence ~12.0×10 24 ions/m 2 , that is, after approximately the same fluence to the front side caused bending of the sample. Three further exposures resulted in beginning to bend the sample in opposite direction (radius of curvaturẽ 100 cm) and its partial destruction. Schematically, the shape of the sample after full cessation of experiment is shown as insert in Figure 8 . The thickness of the chipped off part is ~0.25 mm. Assuming the formation of zirconium hydride in δ-phase (ZrD~1 .5 ) by all retained deuterium, the thickness of hydride layer would be 0.22 mm. This is excellent agreement with the observed thickness of the chipped fragment.
In Table 4 , the efficiency of deuterium absorption is shown as the ratio of retained D atoms to the whole fluence of ions, found as the product of measured ion saturation current and the total exposure time, because the real proportion between one-, two-, and tree-atomic ions is not known (see comments in Section 2.3). It follows from Table 4 that the efficiency of uptake depends strongly on ion energy and composition, but even with identical composition difference is significant (for grades #1 and #2). Comparing data of the table, it looks like there is a tendency for efficiency of uptake to increase with increasing the portion of zirconium.
Samples
A laser ablation technique was applied as an attempt to see the depth distribution of trapped deuterium. The diameter of laser spot was ~0.3 μm, and the step in depth for every laser shot was ~1.5 μm. As shown in Figure 10 , deuterium is confidently registered even after the laser crater depth reached ~28 μm, However, in this method, the effect of side walls of the laser crater cannot be fully excluded, and therefore, any quantitative conclusion on the real depth distribution of implanted deuterium can only be done with a definite precaution. 
Metallic Glasses -Formation and Properties 146
Samples that were not exposed to deuterium plasma did not reveal a deuterium peak in their mass spectra, as can be seen in Figure 11 . The hydrogen peak was registered in every spectrum; however, it is well known that such peak can be an artifact appearing due to not perfect vacuum conditions in the mass spectrometer chamber. , a second laser ablation test was carried out 26 days after the exposure. During that time, the sample was stored at ambient atmospheric conditions. This sample showed a very different depth distribution, namely deuterium was not registered during first five shots, and then D + peak appeared in the sixth shot, reached maximal amplitude in the 7th shot and gradually decayed to zero in the 11th laser shot. However, the weight of the sample did not change, and thus, it may be assumed that the retained deuterium was redistributed inside the sample or that some of the retained deuterium was released, but the associated weight loss was balanced out by oxidation.
Crystallized specimens
Two samples of grade #2, one amorphous (BMG) and one crystallized (BMG-C), were exposed in similar conditions for a long term to low-energy (60 eV) ions of deuterium plasma with a current density of 2.1 mA/cm 2 . Other important details of the experiment are presented in Table 5 . During the fourth exposure (total ion fluence 7.5×10 24 ions/m 2 ), the BMG-C was fragmented, as shown in Figure 12a . On the contrary, its amorphous counterpart maintained its integrity and continued to gain weight during the following three exposure steps (total ion fluence 1. Figure 12 . Photographs of (a) the BMG-C crystallized sample of grade #2 after the fourth exposure to 60 eV ions of deuterium plasma and (b) its amorphous counterpart (BMG) after the seventh exposure to 60 eV ions of deuterium plasma [18] .
Not catastrophic for the sample, but detrimental for the optical characteristics was the modification of the surface of another crystallized mirror samples of grade #2, exposed to deuterium plasma ions in different regimes, Table 6 . After the last exposure on the surface of this sample, there appeared defects in the form of chips and cracks of different sizes and significant weight loss was measured due to the loss of some fragments inside the vacuum chamber. The SEM images of chip surface at two magnifications, presented in Figure 13 , exhibit the characteristic for a brittle rupture. The amorphous counterpart was unaltered.
Such difference in behavior of BMG and BMG-C samples is in a good qualitative agreement with the results published by Suh and Asoka Kumar on amorphous and crystallized samples of similar composition that were subjected to cathodic charging [19] . After a critical charging time, both amorphous and crystalline samples disintegrated. However, the maximum hydrogen content before total disintegration was up to 30 times greater for the amorphous phase compared to the crystalline counterpart. Table 6 . The history of exposure of one of the BMG-C crystallized samples of grade #2 to ions of argon and deuterium plasma. Figure 13 . SEM images of the crystallized sample of grade #2 after the last exposure (no 9) shown in Table 6 [18].
Sputtering rate
The adsorption of deuterium makes difficulties when trying to obtain data on sputtering yield by measuring the weight loss. Therefore, a stainless steel diaphragm (diameter 8 mm) which hid the rest part of BMG sample surface of grade #1 (diameter 22 mm) was used for determi-nation of the rate of sputtering by deuterium plasma ions. The depth of the erosion hole measured for ion energies 300, 650, 1000, and 1350 eV are presented in Table 7 . The corresponding values of sputtering yield were estimated with taking into account the depth of the hole, ion current density, and exposure time. The results are presented in Figure 14 . In addition to the erosion depth, the microhardness and the optical constants of surface inside each exposure spot were determined. It is seen from the Table 7 that D + ion bombardment modifies the hardness of the near surface layer. The limited information on this subject, like the amount of trapped deuterium, its depth distribution, etc., does not allow to make a definite conclusion on the reason of this phenomenon, for example, on its link with volumetric density of trapped deuterium, as was found by the authors of [19] .
After finishing the exposure to ions of energies indicated in the Table 7 , optical indices n and k were measured with ellipsometry. Table 7 shows that both optical indices do not depend strongly on the chosen D + ion energies and fluences; however, they differ a little from the indices measured for the initial surface, that is, not eroded by ions of deuterium plasma due to protection by diaphragm.
Because of the small size (Ø5 mm in diameter) of grade #3 samples the deuterium adsorption was not measured quantitatively for these samples (too low mass gain). Aiming to obtain data on sputtering, one sample of grade #3 was exposed to ions through a Ni gauze with wire diameter of 20 μm and mesh window width of 80 × 80 μm. The data obtained are shown in Figures 15 and 16. Figure 15a shows a typical photograph made with an interference microscope of the sample of grade #3 after it was bombarded with deuterium plasma ions (E i =1000 eV, total ion fluence ~6×10 24 ions/m 2 ) through the gauze, and Figure 15b shows the result of processing of the interference picture along several windows between wires of the gauze. As one can see, the sputter depth is about 1 μm. This depth corresponds to the sputtering yield (for not mass separated deuterium ion flux) Y≈0.05 atom/ion, which is about a factor two of the value found for grade #2 (Figure 14) . Figure 15 . Interference fringes on the surface of the sample of grade #3 after long-term bombardment through the mesh (a), and the structure of the relief found by processing of the interference fringes (b) [20] .
The optical and AFM data presented in Figure 15 and Figure 16 demonstrate similar depth of erosion in different windows. Also, they do clearly indicate that sputtering of the wire itself occurs because the edges of each wire are bombarded by ions at small angle to the surface, for which the sputtering yield exceed considerable the yield at normal incidence [21] . Important to note that saturation seen for the grade #4 sample in Figure 8 is not because cessation of D absorption but due to faster mass loss caused by ion sputtering in comparison with the mass gain due to deuterium implantation. Taking this into account and comparing the linear fit of deuterium absorption with the saturation level of mass rise measured, one can find for this sample that thickness of sputtered layer after last exposure shown in Figure 8 is 1 μm, mainly due to sputtering by ions in the range 300-600 eV.
With the use of Ar plasma ions, there was not any problem to measure the weight loss even after short exposure. The results of these measurements for amorphous and crystallized specimens of grade #2, depending on the ion energy, are presented in Figure 17 in comparison with data (solid line) for the bombardment of zirconium with Ar + ions from [11] . As seen, there is no measurable dependence in the sputter rate for samples in different state. Besides, there is a trend for lower sputter erosion rate of both samples in comparison to zirconium. This is in qualitative agreement with data for stainless steel in [21] , sputtering yield of which was less than sputtering yields of each component (Fe, Ni, Cr). When performing this experiment, not only mass loss but also the reflectance at normal incidence was measured after each sputtering procedure. Thus, the behavior of reflectance under long-term sputtering for samples (BMG and BMG-C) made from the same ingot of grade #2 but with different structure was determined (see next section).
Modification of optical properties of amorphous mirrors
Impact of deuterium plasma ions
When exposing BMG specimens of grades #1 and #2 in deuterium plasma, it was found that even rather short-time bombardment with ions of keV energy range, when sputter erosion could be neglected, leads to a measurable decrease of reflectance in the whole spectral interval of measurement, both for amorphous (BMG) and for crystallized (BMG-C) mirror samples. The decrement of reflectance change depends on the wavelength: the shorter the wavelength the deeper the drop. The reflectance may be restored by long-time exposure to low energy (~50 eV) ions of deuterium plasma; the restoration is full or partial, depending on the exposure time to low-energy ions. This means that the reflectance decrease due to keV ion energy impact is not connected with modification of the surface microrelief but with some chemical processes on the surface, like it was established earlier for Be and Al mirror samples [22, 23] . We shall discuss this fact below in a special section.
As an example, Figure 18 demonstrates the results obtained on one of BMG-C samples of grade #2. Initially, it was sputtered with ions of Ar plasma, what resulted in the development of some surface roughness and corresponding reflectance decrease (solid circles ⇒ squares). Then, the sample was bombarded with 1.0 keV ions of deuterium plasma, what caused further reflectance drop (rhombuses); however, not due to increase of the surface roughness, because this drop was fully restored by subsequent (much longer) exposure to low-energy (60 eV) ions of the same deuterium plasma (open circles). In contrast, the drop of reflectance caused by Ar ion sputtering could not be restored in similar way, that is, by exposing sample to low energy D + ions, as it occurred due to development of surface roughness. The correlation of drop and restoration of reflectance for Be-containing BMG samples of grade #2 is in qualitative agreement with the results of experiments when specimen of grade #1 was exposed by turns to high (1.0 keV) and low (60 eV) energy ions of deuterium plasma [10] .
For BMG specimens of grade #3, qualitatively similar effect was observed; however, detail investigation was not provided because of small size (diameter 5 mm).
Impact of argon plasma ions
To avoid the effects connected with chemistry, the consequence of long-term erosion was studied by the use of Ar plasma ions. In comparison with deuterium, the use of argon as a working gas is characterized by the following three principle moments: (1) argon is inert under most conditions and does not form confirmed stable compounds at room temperature; (2) argon uptake and the creation of a contaminating layer on the metal surface may be neglected; and (3) Figure 19 shows the reflectance at three wavelengths versus the thickness of eroded layer. The data demonstrate that the amorphous mirror maintains the reflectance at about initial value even after strong sputter erosion. The constancy of reflectance means that the surface of amorphous mirror does not change during all sputtering procedures. This fact confirms the supposition made by Voitsenya et al. [5] . At the same time, the surface of BMG-C sample (grade #2) made from same ingot but crystallized, became quite rough after sputtering to much lower erosion depth. In Figure 20 , the comparison of SEM images of both samples are shown at the same magnification. One can observe that the relief appeared on the surface of the crystallized sample of grade #2 has approximately the lateral size of ~1 μm, while the amorphous sample of grade #2 stays very smooth. 
Role of chemical processes
The qualitative similarity between behavior of reflectance of Be-containing BMG mirrors and Be mirrors exposed in similar manner suggests that in all cases similar processes are realized on the surface for mirror after impact of deuterium plasma ions with high (~1.0 keV) and low (~50 eV) energies. From the study of Bardamid et al [22] , the reason of this transformation of BeO into Be(OD) 2 and gradual rise of hydroxide film thickness after the sample is subjected to keV-energy ions of the plasma that contains also some amount of oxygen. An inverse process, namely restoration of initial state with thin BeO coating, on the Be surface occurs when ion energy is low.
To check this explanation, six BMG samples of grade #3 were sputter eroded by ions of Ar plasma to the depth of ~2 μm-for taking off the consequences of previous work with them. Then, four of them were bombarded by D plasma ions with energy of 1.35 keV. After that two of them were additionally long-term exposed to 60 eV ions of D plasma. SIMS analysis (with Cs+ ions as projectiles) was provided in two different points of the surface of the three pairs of samples. In connection with good equivalence of four data sets for each procedure (exposure to Ar ions, plus exposure to 1 keV D ions, plus exposure to 60 eV D ions), only results obtained from one point of one sample are shown in Figure 22 for simplicity. Evidently, the bombardment with keV-range D plasma ions leads to increasing the thickness of uppermost oxidized layer, but the following exposure to low-energy ions of similar D plasma results in thinning this layer and restoration of the initial depth distributions of all oxides.
These SIMS measurements were carried out with specimens having only 27.5 at.% of beryllium. At the same time, the release of BeO + ions significantly exceeds the release of all other oxides Metallic Glasses -Formation and Propertiestogether. However, because the relative sensitivities of the various oxides in the SIMS measurements are unknown, no conclusion about depth distribution of different oxides in the nearsurface layer can be obtained. It is worth to add that SIMS results are in qualitative agreement with data of XPS (X-ray photoelectron spectroscopy) measurements on specimens with a similar composition [25] . The authors of that paper have found that the uppermost oxide film is mainly composed of BeO in spite of a quite complicated chemical composition of the material.
Similar chemical processes are probably responsible for different ratios of Be + and Be 2+ peaks shown in Figure 11 when comparing the output at laser ablation of different ions from BMG samples of grade #1 exposed and not exposed to ions of deuterium plasma.
It is worth to note that qualitatively similar effects on the reflectance (drop for keV ion energy range and restoration for low-energy ions) were observed also for BMG samples of Alcontaining grades #4 and #5, although not so strong.
Blisters
After the determination of sputtering rate by D plasma ions (Section 3.2), many small surface features were found in that part of one BMG mirror specimens (22 mm in diameter) of grade #1 which was exposed to ions with energy 300 eV (diameter of diaphragm 8 mm, ion fluence 2.4×10 . The mean diameter was ~10.5 μm with sizes ranging from ~3 up to 60 μm (one subject). The size distribution of these subjects is shown in Figure 23b . In the following sections, we use the word "blisters" for these subjects, in spite they do not look like a "classical" blisters, described by Behrisch [27] . [26] .
A small part of the blisters is not round, and some of them have a dark part localized closer to their edge. Elemental maps obtained by EDX suggest that the elemental composition of the dome differs from that of the main BMG matrix.
The elemental composition of blister surfaces was obtained by two methods: microprobe analysis and EDX. On blisters with a uniform contrast and smooth lid, there was not found any noticeable deviation of composition in comparison with the matrix. At the same time those blister lids without contrast uniformity, seen with BSE, showed presence of impurities. As an example, in Figure 26 , EDX-maps are shown for one of such blisters on the sample of grade #1. It is seen that in darkest part of the surface (BSE) there are elements that are not a part of BMG composition: for example, carbon, oxygen, and iron. In Figure 27 , SE and BSE images of a blister on another sample of grade #1 are shown; the blister lid is not smooth partly. Numbers 1-3 indicate the points where a microprobe analysis was done (note that Be, C, and O cannot be registered by used setup). The results of measurements in those points are presented in the Table 8 . Again, a small amount of impurity at the lid, this time, chromium, was registered. Based on results of EDX data for other blisters, one may assume that in the dark parts of the lid there are C and O also.
Several peculiarities of the blisters can be noted from presented data: (i) the blister location on the surface does not depend on the presence of defects in the grade #1 BMG described in the Section 2.3 (this is clearly demonstrated by Figure 23a) ; (ii) it looks like there is a probability that large blisters are localized in those parts where there are some concentration of contaminants, like iron, chromium, which can appear to be random; (iii) the parts of blister lids that look darker in BSE images are contaminated with carbon and oxygen; (iv) around practically every blister, there is evidence of stress-induced ductile deformation leading to a depression; (v) the inspection of several hundred features did not result in the observation of any cavity such as might be found following the bursting of blisters. Table 8 . Results of microprobe analyses in points indicated in Figure 27 . To clear up the reason of difference between both kinds of blisters, the nanoindentation procedures [28] were provided in matrix, in plane, and dome-like lids. The location of measurements is shown in Figures 28a and 29a . The results are presented in Figures 28b and 29b.
It is seen that the dark part of blister lid is soft and ductile. Three zones can be distinguished on the load curve: soft near-surface layer with ~80 nm in thickness (I), transition layer (II), and more solid material (comparable with hardness of matrix) at the depth starting from 140 nm (III).
These measurements demonstrate that the structure of the uppermost layer is very different for this pair of blisters: the dome-like one has a very soft uppermost layer (up to about 80 nm); the hardness of the material here became to be comparable with that measured for the planeroof feature only at the depth ≥140 nm. At the same time, for plane roof feature, the hardness is much higher, composing ~60% of the matrix hardness.
Blisters were previously observed on metallic glasses of several kinds and on their crystal analogues after bombardment with H + and He + ions of energies up to 100 keV [29] [30] [31] . As was found, on amorphous materials blisters appear at ion fluences approximately three times greater than on the same materials in crystalline state. The blisters had dome-shaped lids with diameters in the range 0.5-2.5 μm (mean value 1.25 μm) for H + ions [29] . Such dimensions correlate well with the implantation range of the H + ions, thus suggesting the formation of "classical" blisters [27] due to accumulation of hydrogen in the near-surface region.
In conclusion, we would again state that difference in size, along with the atypical shape (like flat lids, annular grooves, the lack of broken lids, etc.), indicate that the observed features are not blisters in common understanding of this word [27] . 
Summary
BMG mirror samples of different elemental composition were investigated in experiments simulating the behavior of first mirrors under impact of charge exchange atoms in the fusion reactor ITER. As projectiles the ions of deuterium and argon plasmas were used. Behavior of optical properties and surface topography, uptake of deuterium, effects of sputtering on optical reflectance in the visible spectrum, and chemical processes in a near-surface layer were studied. It was found that some of the studied properties have weak dependence on material composition whereas the others show noticeable differences. The following statements can be made:
1. Initial reflectance of BMG mirror samples under study is close to reflectance of W mirror for wavelengths exceeding 300-500 nm. The highest reflectance was measured for samples of grade #2 independently on the state: amorphous or crystallized.
2.
In the body of three kinds of samples, structural inhomogeneities were described, which are connected with deviation of local composition from the composition of matrix, as was studied in detail for BMG samples of grade #1. The composition of inhomogeneities, that occupied small part of the sample volume, was depleted with zirconium in comparison with amount of Zr on average. The ion-sputtering rate of material in these parts was higher than that of the main matrix, which leads to shallow depressions appearing on the sample surface with a rather planar bottom of 10-30 μm in size and the depth depended on sputtering time.
On the samples of grades #3 and #4 inhomogeneities of relief became clearly visible after eroding a layer exceeding 1 μm, either with ions of argon (grade #3) or deuterium plasma (grade #4).
3.
Under long-term ion bombardment (thickness of sputter eroded layer was 13.4 μm in the case of #2 grade) no noticeable change of surface topography and reflectance for matrix of all BMG mirror samples was observed, excluding grade #4, where inhomogeneities occupied a rather big portion of the surface. In contrast, significant degradation of the mirror surface quality was found for the crystallized BMG sample of grade #2 sputtered to much less depth than its amorphous counterpart in similar conditions.
4.
Under bombardment by deuterium plasma ions some amount of deuterium is absorbed, with the tendency to increase of absorbed portion when increasing the portion of zirconium. The highest value of deuterium was absorbed by BMG sample of grade #5:
The absorbed deuterium, most likely, does not penetrate through the whole thickness of the sample but is accumulated in the layer with a thickness of a few tenths of millimeter (note, thickness of samples is 2-3 mm). At ion fluence exceeding 1×10 25 ions/m 2 samples become bent in such a way that the front side (exposed to ions of deuterium plasma) became convex with radius of curvature ~24 cm for grade #4 and ~28 cm for grade #5. Following exposures in similar conditions of the back side of grade #5 resulted in gradual straightening of the sample, and even bending it in opposite direction with further increase in ion fluence. 
7.
There was not found any measurable effect of deuterium implantation on optical properties of mirror sample, either in amorphous or crystallized states.
8.
On a small part of the surface of BMG mirror sample of grade #1, exposed to ions of deuterium plasma accelerated to the energy 300 eV, the blister-like features appeared with the shape different from what can be found in literature.
9.
When BMG mirrors with beryllium or aluminum in their composition are exposed to deuterium plasma, chemical processes on the surface play a definite role in behavior of their optical properties.
In conclusion, we noted that because of the high absorptivity of hydrogen isotopes, existing Zr-based BMG cannot be a prospect material for in-vessel mirrors in ITER. However, in view of rather rapid progress in the development of amorphous materials, there is a hope that BMG materials with a low absorptive capacity (for hydrogen isotopes) will be designed in the future, what will permit their use for fabrication of in-vessel mirrors operating in the conditions with high fluxes of charge exchange atoms, neutrons, and gamma radiation.
The crystallization was checked by using the X-ray diffractometer DRON-4-07, and the results are shown in Figure 1 . Figure A1 . The photos of the ingot with cut off upper and lower "caps" before (left) and after (right) cutting into two halves which served as billets for the fabrication of mirror samples.
Appendix B: Processing of images of laser spots reflected from test mirrors
To study the structure of a laser spot image after laser beam reflection from a given surface, the sampling of brightness of pixels B(x) for every image in Figure 21 was carried out along its diameter following a horizontal line or lines inclined at 45°, 90°, and 135° to this line. The spot is 440 pixels in diameter that corresponds to 4 mm. We removed a sampling component corresponding to a radial decrease in the spot brightness ("a bell shape") using a Fourier transform. The sequential combination of samplings extends the sampling path and improves the statistics. A comparison of the samplings "by eye" shows that B a (x) is characterized by very short wavelengths and very low variations of the brightness. These parameters are higher for B b (x) and much higher for B c (x) by the reason of increasing the surface roughness.
The procedure described in [32] is intended to compute the one-dimensional distribution function ΔN(Λ)/ΔΛ or, in other words, the number of waves N in a spectral interval ΔΛ where the wavelength Λ is along the image. We extended this function to two-dimensional one ΔN(Λ,B)/(ΔΛ⋅ΔB). The functions a-c are marked with constant-level lines in the contour diagram of Figure B1 . The upper limits of the wavelength axis Λ are the same for all the spots, and those of the brightness axis B are different.
We observed one group with the very short wavelengths and the very low oscillations of the brightness for the laser spot "a" (the "ideal mirror"). The spot "b" (BMG mirror) has three groups of the short and medium wavelengths, and the medium variations of the brightness. And the spot "c" (BMG-C mirror) has five groups of the short, medium, and long wavelengths, and the medium and high variations of the brightness. The results of an analysis are shown in Table B1 . The obtained distributions are in good agreement with the photos a-c of the laser spots. All the parameters in Table B1 are growing from "a" to "c". Especially, five groups related to the spot "c" confirm the existence of very long irregularities and, eventually, indicate a surface fracture.
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